Peroxidase was extracted from a natural source (turnip) and irradiated with 60 Co (0.1 kGy). It was then used in the construction of biosensors for hydrogen peroxide determination, in order to study the effect of the gamma irradiation on the performance of the biosensors. The biosensors were constructed using two immobilization procedures: crosslinking with glutaraldehyde and covalent binding through carbodiimide. The biosensor prepared using covalent binding through carbodiimide showed a higher sensitivity for H 2 O 2 . A good enhancement in stability and sensitivity was obtained for the biosensors from irradiated material, when compared to biosensors prepared with non-irradiated enzyme. However, the initial linear response range (1.0 to10.0 mmol dm 23 ) and response time (0.5 s) were equal with or without irradiation.
Introduction
The use of gamma irradiation in biosensor sterilization for use in vivo has been widely described in the literature. 1 The irradiation may promote enzyme immobilization on the electrode surface through cross-linking, and this has been extensively investigated. [2] [3] [4] The authors agree on the possibility of biological component inactivation, since these procedures require irradiation doses of several kGy ( 60 Co) which may damage the biological components. However, studies have demonstrated that enzyme denaturation is minimized when the irradiation is carried out at low temperature. 2, 4 On the other hand, it is known that in vegetables germination is inhibited and that the putrefaction process is minimized by applying doses between 0.05 and 0.15 kGy, without significant damage to their composition. 5, 6 Thus, this technique could be adapted for the improvement of the lifetime of biosensors constructed with an enzyme obtained from natural sources, such as vegetables.
Biosensors constructed using plant tissues as a source of enzyme have been widely described in the literature. [7] [8] [9] [10] [11] [12] These tissues provide high stability, high activity and low cost, when compared to lyophilized enzymes. 7 However, in many cases the use of these sources did not improve the lifetime of the biosensors, as a consequence of the natural decomposition of the biological material. Therefore, it would be advantageous to use some means of avoiding or minimizing the decomposition of the plant tissues, in order to facilitate the construction of stable biosensors in a simple and inexpensive way.
With this objective, turnip peroxidase activity was monitored by spectrophotometric measurements, after irradiation of the plant tissue, to evaluate the effect of irradiation on the enzyme. The influence of gamma irradiation of the plant tissues on the subsequent performance of the biosensors is discussed.
Experimental
Reagents and solutions 30% (w/w) hydrogen peroxide, phenol and KH 2 PO 4 were acquired from Synth, São Paulo, Brazil. 4-aminoantipyrine (4-AAP) and 50% (w/v) glutaraldehyde (Gl) were purchased from Fluka Chemie AG, Buchs, Switzerland. The graphite powder, GP (99.9 %) and mineral oil were acquired from Aldrich, Milwaukee, USA. 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CDI), tris-hydroxymethylaminoethane (TRIS), piperazine-N-NA-bis[2-ethanesulfonic acid] (Pipes) and ferrocene monocarboxylic acid were acquired from Sigma, St. Louis, USA. The sodium acetate was supplied by Merck, Darmstadt, Germany, and the acetic acid was acquired from Nuclear, Säo Paulo, Brazil.
The buffer pH were adjusted by employing a pH electrode connected to a pH-meter (Corning, pH/Ion Analyzer 350, New York, USA). The solutions were prepared using deionized water (Millipore, Milli-Q system, São Paulo, Brazil).
Preparation of the turnip samples and enzymatic extracts
A turnip (Brassica napus L) weighing 1 kg was obtained from a local supermarket and divided into several parts. Two 70 g portions were taken and frozen. One portion was frozen directly and the other was irradiated for 30 min to a dose of 0.1 kGy using gamma irradiation, before being frozen. These frozen turnip tissues were used to extract the enzyme (peroxidase).
The extracts were obtained by triturating, in a blender, 70 g of the vegetable sample with 100 cm 3 of 0.1 mol dm 23 phosphate buffer (pH 7.0) for 15 min. The mixtures obtained were filtered and the solutions (enzymatic extracts) were stored at 5 °C, until use.
Peroxidase activity in the turnip extracts
Spectrophotometric measurements were carried out in duplicate, using an UV/Visible spectrophotometer (Pharmacia Biotech, Ultrospec 2000, Cambridge, UK), with quartz cells (1.0 cm path length and 4.40 cm 3 capacity) and with a Peltier temperature control unit (Pharmacia Biotech, 80-2105-49, Cambridge-England). The absorption at 510 nm was monitored to evaluate the formation of the red complex, 4-(4-oxo-2,5-cyclohexadiene) aminoantipyrine, to determine the peroxidase activity. 13 This complex was obtained by mixing 1.40 cm 3 of a solution of 0.17 mol dm 23 phenol and 0.0025 mol dm 23 4-AAP, 1.50 cm 3 of a H 2 O 2 solution (at a concentration range in the cell between 2.0 3 10 25 and 4.0 3 10 24 mol dm 23 ) and 200 mm 3 of enzymatic extract, at pH 7.0 and 25 °C. The peroxidase activity in the extracts was calculated using the LineweaverBurk method, 14 using the spectrophotometric data.
Construction of the biosensors
The biosensors were prepared using two immobilization procedures:
( (ii) Covalent binding through CDI (CDI biosensors), according to the procedure described by Gorton et al., 15 with some modifications: First, the GP-CDI material was obtained by mixing 100 mg of GP, 1.1 mg of CDI and 300 mm 3 of 0.05 mol dm 23 acetate buffer (pH 4.8) and reacting for 2 h at 25 °C. Then, the material obtained was washed and allowed to dry for 4 h at room temperature. The enzyme immobilization was carried out by mixing 7.5 mg of ferrocene, 5 U of peroxidase (approximately 200 mm 3 of extract), 325 mm 3 of 0.1 mol dm 23 phosphate buffer (pH 7.0) and 100 mg of GP-CDI, and allowing the reaction to proceed for 16 h at 4 °C. After this time the material obtained was dried.
In all cases, 40 mm 3 of mineral oil was added to the dried material and mixed to obtain the pastes. These pastes were put into a cavity in the extremity of a glass tube (4 mm of internal diameter) to 1 mm depth.
Biosensors using irradiated and non-irradiated extract were prepared by both immobilization procedures. These studies were carried out for each biosensor, using the same biosensor during the test.
The analytical measurements were carried out in duplicate, with a potentiostat (PGSTAT10, Autolab Eco Chemie, Utrecht, Netherlands), using a conventional electrochemistry cell with three electrodes. A saturated calomel electrode (SCE) was used as reference, a Pt wire as counter and the carbon paste biosensor as working electrodes.
Results and discussion

Peroxidase activity in the turnip extract
To evaluate the influence of gamma irradiation on the stability of the peroxidase in the turnip extract, its activity was monitored as a function of time. The activity values were compared to those obtained with the non-irradiated extract. This study was carried out over six months (Fig. 1) .
In the first 12 d, the enzymatic activity in the two extracts remained practically constant, but the activity was slightly lower in the irradiated extract. This is probably due to inactivation of some of the enzyme in the turnip as a result of irradiation, 2,4 although some mechanisms can compensate for this loss, contributing simultaneously to an increase in total activity. Modification of the IAA (indolyl-3-acetic acid) synthesizing system 16, 17 is extremely important in plant physiology, 18, 19 and it can be one of these compensation mechanisms. With irradiation, IAA synthesis decreases and, through a self-defense mechanism, IAA-oxidase (isoperoxidase) is activated. Another factor that contributes to the activity in the irradiated extract is the peroxidase liberated by some particles and/or membranes of the turnip during the gamma irradiation. 20 During the first month, the average activity in the nonirradiated extract (44 ± 3 U cm 23 of extract) was 18% higher than the average activity of the irradiated extract (36 ± 5 U cm 23 of extract). However, over the next five months, the activity decreased more quickly for the non-irradiated extract (Fig. 1) . This behavior can be explained probably by a reduction of the putrefaction process, 5, 6 since gamma irradiation avoids deterioration by fungus and bacteria. 21 Thus, after six months the reduction in the activity for the non-irradiated extract was 95% while, for the irradiated extract, it was only 32%.
This behavior was observed in three different turnip samples.
Evaluation of biosensor performance
Biosensors constructed from both irradiated and non-irradiated extracts, using two immobilization procedures into graphite powder, were tested: (i) cross-linking with glutaraldehyde (Gl biosensors) and (ii) covalent binding with CDI. (CDI biosensors). Gl biosensors presented lower sensitivities than CDI biosensors, thus they were chosen to carry out comparison studies.
CDI biosensors using both irradiated and non-irradiated extracts were evaluated in terms of pH, applied potential, buffer solution, sensitivity and stability. The profile of the CDI biosensor responses with solution pH are shown in Fig. 2 . A difference of 0.5 pH units is observed between the biosensors prepared using irradiated and non-irradiated extracts.
This fact can be explained by the nature of the covalent binding of the enzyme in the CDI, which may have modified the structure and characteristics of the immobilized enzyme in the two extracts (irradiated and non-irradiated) in a different way. 22 Thus, the resulting charge surrounding the enzyme after the immobilization of the irradiated enzyme should be different from those obtained with the non-irradiated extract and thus, the isoelectric point (pI) should also be different. Consequently, a difference in the optimum pH values for the biosensors should be different, as shown in Fig. 2 . Thus, the final charge surrounding the immobilized enzyme in the biosensor prepared with non-irradiated extract was less positive in relation to the irradiated enzyme, according to the optimum pH value.
The influence of applied potential on biosensor performance is shown in Table 1 . The profiles of the biosensor responses were very similar, independent of the extract used in their preparation (irradiated or non-irradiated). An increase in the sensitivity was verified at more negative potentials, thus the use of 2100 mV (vs. SCE) was chosen, since with this potential the best sensitivities of the analytical curves were obtained. Table 2 shows that the sensitivities obtained for the biosensors prepared using irradiated extract were similar in different buffer solutions. The best sensitivity was obtained with TRIS, however the linear response range was wider using phosphate buffer. The biosensor showed a linear response range from 1.0 to 10.0 mmol dm 23 (r = 0.998) in phosphate buffer, compared to a linear response range from 1.0 to 5.0 mmol dm 23 (r = 0.994) using TRIS. On the other hand, the sensitivities of the CDI biosensor using non-irradiated extract were very different as the buffer composition changed. The sensitivity obtained with the phosphate buffer was only 55% of that obtained using the biosensor with irradiated extract. From these results it can be concluded that it is better to carry out measurements in phosphate buffer using the biosensor prepared with irradiated extract.
In Fig. 3 a typical response profile for the biosensor prepared using irradiated extract and its correspondent analytical curve is shown. The equation adjusted for the calibration curve was:
With a correlation coefficient of 0.9990 for n = 9.
After three months the biosensors still presented a response (Table 3) , but a decrease in the linear response range of the biosensors prepared with non-irradiated extract was observed, in relation to the initial linear response range. At the beginning, the biosensor presented, in phosphate buffer, a linear range from 1.0 to 10.0 mmol dm 23 while after 90 d the linear response range was between 5.6 and 10.0 mmol dm 23 . This is probably due to denaturation of the enzyme in the biosensors using nonirradiated extract. On the other hand, the linear response range presented by the biosensors using irradiated extract was not affected. This behavior might be explained if the enzyme in the irradiated extract maintains constant activity levels, such as shown in Fig. 1 . It was also observed that the sensitivity of the biosensors with irradiated extract remain practically constant (93% after 90 d) while that for the biosensors with nonirradiated extract decreased 45% in relation to the initial sensitivity ( Table 3) .
The response times obtained for the biosensors were about 0.5 s. These results are similar to those with other biosensors that use these immobilization procedures in carbon paste, using lyophilized enzymes. 23 However, the response times shown by the biosensors prepared using peroxidase from vegetable sources 11, 12, 24 are higher than those found in this work. Probably, the enzyme confined in the vegetable tissues is less exposed than that obtained in the extract.
In conclusion the biosensors prepared with irradiated samples always presented much better performance, making it evident that the irradiation is responsible for this behavior. However, complementary studies should be carried out to elucidate the mechanism involved in the irradiation process.
Conclusion
Gamma irradiation improved the stability of the peroxidase in the turnip extract when compared with a non-irradiated sample. The activity remained at a good level after 180 d, whereas the activity of the non-irradiated tissue was good for about 75 d. This is important, as it will allow the construction of biosensors in series without changing the source, thereby obtaining more reproducible biosensors, because it won't be necessary to change the natural enzymatic source, a change which can modify the composition.
The biosensors constructed with the irradiated extract presented the best analytical performances, maintaining a linear response range and a practically constant sensitivity, after 90 d of evaluation. It can be concluded that gamma irradiation positively affects the structure of the extract containing peroxidase, so that the effectiveness, sensitivity and stability of the biosensors constructed with this extract were better, when compared to the biosensors prepared with non-irradiated extract. 
